ABSTRACT
therapy [6, 7] . Interestingly, in both studies, GLP-1-receptor agonists reduced cardiovascular endpoints most likely through a reduction in atherosclerosis-related events. However, the role of the other main incretin hormone, GIP, in the cardiovascular system, beyond its insulinotropic function, is still largely unknown. Experimental work by Nagashima et al. demonstrated that infusion of GIP into non-diabetic ApoE À/À mice on an atherogenic diet for 4 weeks was able to reduce lesion size [8] . A study by Nogi and colleagues could reproduce the anti-atherosclerotic effects of GIP also in diabetic ApoE À/À mice [9] , which was mechanistically linked to a reduction of plaque macrophages and direct GIP-receptor-mediated inhibition of foam cell formation. However, evidence is lacking on the effects of GIP on composition and stability of atherosclerotic plaques. Experimental and clinical imaging studies identified atherosclerotic plaques of patients with diabetes compared to non-diabetic patients to be more instable due to a thin fibrous cap and less collagen content with high amounts of proinflammatory macrophages, thus leading to high susceptibility of early plaque rupture and life threatening cardiovascular complications like consecutive myocardial infarction [10, 11] . Therefore, identifying new approaches to target plaque morphology and stability is of particular importance to improve cardiovascular outcomes in patients with diabetes. Here we investigated the role of GIP in atherosclerotic cardiovascular disease with a focus on plaque morphology.
METHODS

Clinical study
We analyzed blood samples from 731 patients in our cardiovascular biobank (542 male and 189 female); these patients underwent elective coronary angiography at the University Hospital Aachen (Department of Cardiology). Stable coronary artery disease (CAD) was present in 474 patients, and PAD (peripheral artery disease) was present in 97 patients, as presented in Table 1 . Blood was collected in a random nonfasting manner. After centrifugation at 2,000 g at 4 C for 20 min, serum aliquots of 1 mL were frozen immediately at À80 C. Total GIP serum levels were determined by using a commercial ELISA kit (Millipore) according to the manufacturers' instructions. Study protocols and biosampling were approved by the local ethics committee and conducted in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki (ethics committee of the University Hospital Aachen, RWTH Aachen University).
Experimental study
Recombinant adeno-associated viral constructs: Vectors carried transgene cassettes encoding b-galactosidase (LacZ) as control or GIP (1e42) under control of a cytomegalovirus (CMV) promoter. The pseudotyping strategy was used to generate AAV vectors encapsidated in an AAV8 capsid (AAV2.8) as previously reported [4, 12] . Successful vector cloning was proved by sequencing and restriction digests. Vectors were purified by standard cesium sedimentation. Titers were determined via Taq-Man RealTime polymerase chain reaction (PCR). Animals: C57BL/6 ApoE À/À mice were purchased from Taconic, USA.
Six-week-old male mice were housed under specific pathogenefree conditions in either individually ventilated or filter top cages with a 12-h light/12-h dark cycle with free access to autoclaved water and regular chow diet ad libitum. Mice were i.v. injected with AAV vectors via tail vein (LacZ vs. GIP 1e42; 5 Â 10 12 particles/mouse). Mice were switched to a western diet (39 kJ% fat, 41 kJ% carbohydrates and 20 kJ% protein (ssniff EF R/M acc. TD88137AQ8 mod.; ssniff Spezialdiäten GmbH, Germany) 4 weeks after i.v. vector injection on which they remained for a total of 12 weeks. Body weight was monitored For quantification of serum cholesterol and triglycerides, the enzymatic CHOD-PAP method with diagnostic reagents for photometric systems (DiaSys Diagnostic, Germany) and photometer (TECAN, Switzerland) at 546 nm was used as described elsewhere [4] . Determination of circulating GIP levels: Blood was collected after a 6 h fasting period. Total GIP serum levels were determined by using a commercial ELISA kit (Millipore) according to the manufacturers' instructions.
Organ collection and processing: Aorta and heart were carefully perfused with PBS to remove blood residues. Cardiac apex was cut off and the aortic arch was separated from the aorta distal of the left subclavian artery, embedded in freezing medium (Tissue-Tek O.C.T. compound for cryo-sectioning, USA), and stored at 80 C as previously described [4] . Atherosclerotic lesion assessment: To quantify plaque burden in the descending aorta, Oil-red-O staining was performed as previously described [4] . Briefly, fixed aortas were rinsed with PBS, washed in 100% propylene glycol and incubated for 20 min with Oil-red-O solution and counterstained in hematoxylin. By Oil-red-O staining of the aortic arch and the aortic root sections, plaque lipid content was determined. For visualization and measuring of plaque size in the aortic root and the aortic arch, hematoxylin staining was used. Atherosclerotic lesion size was determined by using Image Pro-Plus software (Media Cybernatics, USA). Immunohistochemistry: To measure plaque macrophage content, acetone-fixed aortic root and aortic arch sections were stained with anti-mouse MOMA-2 antibody (AbD Serotecec, UK) using a biotinylated secondary antibody and hematoxylin and eosin for nuclear staining. Positive staining areas were selected by an investigator blinded to the treatment and analyzed by Image Pro-Plus software (Media Cybernatics, USA). For quantification of MMP-9 expression in the atherosclerotic plaques, we performed immunostaining using a specific MMP-9 antibody (Abcam, UK) as reported before [4] . To quantify collagen fiber content of the atherosclerotic plaques, formaldehydefixed sections of the aortic root and aortic arch were stained for 90 min in a 0.1% solution of Sirius Red in 1.2% picric acid solution as described previously [4, 13] . All sections were analyzed under a light microscope (Nikon, Tokyo, Japan). Zymographies: To assess In vitro MMP-9 activity RAW 264.7 cells (ATCC, USA) (murine monocyte/macrophage cell line) were pretreated with GIP (1e42) (Bachem, Switzerland) at the indicated concentrations for 30 min and then stimulated with LPS (100 ng/mL). MMP-9 activity in the supernatant was measured by performing standard zymographies as previously described 72 h after LPS treatment [13] . Western blot analysis: Protein expression levels of MMP-9, phospho-JNK, JNK, phospho-ERK, ERK, phospho-p38, and p38 were determined by western blotting using specific antibodies as described previously [14] . RAW 264.7 cells were harvested in cell lysis buffer (Cell Signaling) and whole cell proteins were subjected to immunoblotting using the indicated antibodies (Cell Signaling). IL-6 ELISA: Supernatant from RAW 264.7 cells was collected 24 h after LPS stimulation (100 ng/mL) and pretreatment for 30 min with GIP at the indicated concentrations. IL-6 levels were determined by using a commercial ELISA kit (R&D systems, MN, USA) according to the manufacturers' instructions. NFkB activation assay: NFkB activation was measured in RAW 264.7 cells after pretreatment for 30 min with 1 nM GIP (1e42) and LPS stimulation (100 ng/mL) at the indicated time points. NFkB p65 activation was measured using the TransAM ELISA kit (Active Motif) according to the manufacturer's instructions. RNA isolation and quantitative real-time reverse transcription-PCR: RNA was isolated using the RNeasy Mini Kit (74106; QIAGEN) and reverse transcribed using SuperScript III (18080-051; Invitrogen) according to the manufacturer's instructions. Quantitative real-time polymerase chain reaction analysis of target gene expression was performed using a ViiA7 Cycler (Applied Biosystems) and Sybr GreenER qPCR Super Mix for ABI Prism (11760-500; Invitrogen). Each sample was normalized to mRNA expression of the housekeeping gene ACTB. Monocyte migration assay: Migration of RAW 264.7 cells and THP-1 cells (ATCC, USA) (human monocyte cell line) was determined as previously described [13] . Briefly, cells were cultured in serum-free media for 16 h. Monocytes (5 Â 10 6 cells/ml) were pretreated for 30 min with GIP (1e42) at the concentrations indicated in serum-free medium and subsequently assayed for chemotaxis under serum-free conditions in a 48-well microchemotaxis chamber (Neuroprobe, UK). Wells in the upper and lower chamber were separated by a polyvinylpyrrolidone-free polycarbonate membrane (pore size 5 mm; Whatman, Germany). As a stimulus 10 nmol/l monocyte chemotactic protein-1 (MCP-1; PeproTech, USA) was added to the lower wells of the chamber. After 3 h, migrated cells attached to the bottom face of the filter were stained. Cells were counted under the light microscope in five random high-power fields per well as described [13] . Statistical analysis: Continuous data are presented as mean AE SD or SEM and median (Q1 e Q3) in case of skewed data. Categorical outcomes are shown as absolute and relative frequencies (%). For the experimental study, differences between groups were analyzed by one-way ANOVA, student's t-test or the Welch-Satterthwaite t-test. Post hoc tests were performed using the Holm-Bonferroni method. Linear regression analysis was performed in order to test for associations between plaque features. The GIP levels from the clinical study and the NFkB activation from the experimental study were compared using mixed models. Post hoc tests were conducted using Scheffe's method. Statistical analyses were performed with SPSS version 20 (IBM Corp., USA), SAS software version 9.4 (PROC GLIMMIX; SAS Institute, Cary NC, USA) or GraphPad Prism (USA). Statistical significance was intended for p < 0.05. Table 1 ).
Viral overexpression of GIP in ApoE
To investigate the functional relevance of elevated GIP levels in atherosclerotic disease we overexpressed GIP (1e42) and LacZ (control) in ApoE À/À mice fed a western diet for 12 weeks by using an adeno-associated viral vector system ( Figure 1A ). Compared to control (LacZ) viral overexpression of GIP (1e42) resulted in a significant elevation of serum peptide concentrations at day 21 after i.v. injection ( Figure 1B ) without affecting body weight, glucose tolerance, and serum lipids (Figure 1CeF ).
Overexpression of GIP in ApoE
À/À mice reduces plaque macrophage content without affecting lesion size We next investigated the effect of GIP on atherosclerotic lesion size 12 weeks after initiation of Western diet. Compared to control GIP overexpression did not affect total lesion size and lipid content per plaque in the descending aorta and the aortic root and arch (Figure 1GeI , Figure S1 ). However, consistent with previous work by Nogi et al. [9] , GIP significantly decreased macrophage plaque content as quantified by histological MOMA-2 staining (LacZ 15.4 AE 1.5% vs. GIP 7.8 AE 1.4% per lesion, p ¼ 0.002) ( Figure 1J ).
À/À mice increases plaque collagen content Given reduced macrophage content within the lesions by GIP overexpression we next analyzed characteristics of atherosclerotic plaque stability in these mice. We found a non-significant reduction of plaque specific expression of the macrophage-secreted matrix degrading enzyme MMP-9 (LacZ 50.2 AE 6.8% vs. GIP 37.1 AE 7.1% per lesion, p ¼ 0.228) ( Figure 1K ). Picrosirius red staining was used to investigate the effect of GIP on plaque collagen content as an indicator of plaque stability. Significantly higher plaque collagen content was observed in the aortic arch and root of GIP treated mice (LacZ 57.0 AE 3.1% vs. GIP 71.1 AE 5.1% per lesion, p ¼ 0.016) ( Figure 1L and Figure S2 ). Taken into account the effects of GIP on plaque morphology we wondered whether the reduction in macrophage content was associated with increased collagen content per lesion by linear regression analysis. Indeed, high amounts of MOMA-2 expression significantly predicted low collagen content per lesion (R 2 ¼ 0.5063, p ¼ 0.0043) ( Figure 1M ), suggesting that GIP improves plaque stability by decreasing lesion macrophage content.
GIP inhibits chemokine-induced monocyte migration in vitro
Based on the GIP dependent reduction of atherosclerotic lesion macrophage content in ApoE À/À mice, we next questioned whether GIP directly affects monocyte migration. To this end, we performed In vitro migration assays using a modified Boyden chamber. As depicted in Figure 2A MCP-1 stimulated migration of murine (RAW 264.7 cells) or human monocytes (THP-1 cells) was blocked by pretreatment with GIP at the indicated concentrations (Figure 2A) . Mechanistically, we found GIP stimulation to reduce CCR2 expression in monocytes (Supplemental Figure S3) suggesting that GIP might reduce monocyte migration by directly inhibiting CCR2 surface expression.
3.6. GIP decreases macrophage MMP-9 production and enzymatic activity in vitro With respect to our in vivo results of improved characteristics of plaque stability in GIP overexpressed mice, we next investigated if GIP has direct effects on MMP-9 production in endotoxin activated macrophages. Indeed, GIP treatment significantly prevented LPS-induced MMP-9 secretion ( Figure 2B ,C) and reduced MMP-9 enzymatic activity in murine macrophages, which is shown by using gelatin zymography ( Figure 2B ).
GIP blocks proinflammatory pathways in macrophages in vitro
Based on the inhibitory effect of GIP on atherosclerotic plaque inflammation and macrophage MMP-9 activity, we next elucidated the question whether GIP is able to attenuate intracellular proinflammatory pathways relevant for monocyte migration and MMP-9 expression. First, we stimulated RAW 264.7 cells with LPS for 24 h after pretreatment with GIP at the indicated concentrations and measured IL-6 secretion to confirm whether GIP is able to functionally block proinflammatory cytokine production in macrophages. As depicted in Figure 2D GIP strongly inhibited LPS-induced IL-6 secretion in macrophages in a dose-dependent manner. To gain further mechanistic insights at the level of intracellular signal transduction we analyzed NFkB activation as well as JNK, ERK and p38 signaling pathways. As shown in Figure 2E GIP treatment was able to prevent LPS-induced NFkB activation 1 h and 2 h after LPS stimulation in RAW 264.7 cells.
Furthermore, by using western blot analysis, we found GIP directly blocks activation of the proinflammatory MAPK (mitogen-activated protein kinases) family members JNK, ERK, and p38 in macrophages. LPS stimulation induced a strong phoshorylation of JNK, ERK and p38 after 30 min, which was prevented in the presence of GIP (Figure 2FeH ), suggesting that GIP directly inhibits inflammatory activation of macrophages in vitro. Consistently, GIP overexpression in ApoE À/À mice significantly reduced hepatic expression of the proinflammatory cyto-and chemokines CCL5, IFN-g, and IL-12 (while nonsignificantly inhibiting CCL2, TNF-a, and IL-6 expression), which are downstream targets of MAPK and NF-kB signaling (Supplemental Figure S4 ). These findings suggest that GIP mediated inhibition of monocyte/macrophage activation in vitro might translate into systemic anti-inflammatory effects in vivo in GIP overexpressed ApoE À/À mice.
DISCUSSION
In this study, we found circulating GIP concentrations to be elevated in patients with PAD as a manifestation of systemic atherosclerotic disease and identified GIP as a vasoprotective peptide stabilizing atherosclerotic lesions in ApoEÀ/À mice by preventing monocyte migration and blocking proinflammatory activation of macrophages. Given that plaque erosion and rupture are critical steps in the process of myocardial infarction, these findings might open new therapeutic avenues for patients with high cardiovascular risk. Previous work by the Hirano group investigated the effect of GIP in murine atherosclerotic models and found infusion of GIP (1e42) by osmotic mini-pumps to decrease lesion size after 4 weeks in nondiabetic as well as in diabetic ApoE À/À mice [8, 9] . Mechanistically, the authors found GIP treatment to reduce plaque macrophage content and direct inhibitory effects on foam cell formation mediated via the GIP-receptor in diabetic ApoE À/À mice. However, it remains unclear whether GIP affects plaque morphology and stability and what is the underlying mechanism. Consistent with the previous study in diabetic ApoE À/À mice [9] , we found a reduction in lesion macrophages after GIP overexpression in non-diabetic ApoE À/À mice. This effect could be mediated, in general, by a reduction in blood monocytes due to diminished myelopoiesis, changes in systemic or plaque cyto-and chemokine levels or altered chemokine receptor surface expression. Since recent work by Mantelmacher et al. found GIP to increase bone marrow hematopoiesis with the consequence of elevated numbers of differentiated blood leukocytes in mice [15] , we speculate that changes in blood monocytes might not explain our phenotype. Here we found GIP to decrease hepatic proinflammatory cyto-and chemokine levels and to directly inhibit CCR2 expression in monocytes, which was linked to blocked MCP-1-induced monocyte migration In vitro. Based on these results, we speculate that both direct inhibition of CCR2 expression on monocytes as well as systemic (hepatic) reduction of cyto-and chemokine expression might contribute to GIP-mediated reduction of plaque macrophages. However, compared to previous work [8, 9] , we could not recapitulate a reduction of atherosclerotic lesion size by chronic GIP treatment, which might be attributable to different methodical approaches and treatment duration (osmotic minipumps and 4 weeks treatment vs. viral overexpression and 12 week treatment in our study). However, we demonstrated that GIP improves characteristics of plaque stability (reduced macrophage content and increased collagen content per lesion vs. control), which was linked to inhibitory effects of GIP on monocyte migration in vitro. The significant association between lesion macrophage and collagen content suggests that GIP might increase plaque stability by direct inhibition of plaque inflammation. Consistently, we found less MMP-9 production and a reduction of MMP-9 enzymatic activity after GIP treatment in macrophages In vitro. Mechanistically GIP non-selectively prevented endotoxin-induced activation of NF-kB, JNK, ERK, and p38 signaling pathways in macrophages. Future experimental studies are needed to better understand the exact molecular mechanism of GIP dependent modulation of proinflammatory pathways.
In the clinical part of the study we found a positive association between GIP serum levels and PAD as a manifestation of systemic atherosclerosis. In contrast, we did not find association of GIP with CAD. This might be explained by PAD being a strong indicator for advanced atherosclerotic disease, which is linked to worse prognosis relative to CAD patients [16] . These findings seem surprising given the vasoprotective effects of GIP in experimental atherosclerosis. Furthermore under physiological conditions GIP is secreted by intestinal K-cells [1] mainly following food intake. Since recent work demonstrated that GIP secretion can also be induced by inflammatory stimuli like IL-1, IL-6, and LPS independent from food intake [17, 18] , we questioned whether the increase in GIP in our patient cohort was linked to inflammatory markers. However, we were unable to detect a significant association between GIP levels and the inflammatory markers CRP and WBC (Supplemental Table 1 ), making this an unlikely explanation. Interestingly, in a previous study by Nogi et al. [9] , the authors found GIP-receptor mRNA expression to be reduced in diabetic vs. non-diabetic mice. Therefore, one might speculate that elevated GIP levels in patients with PAD are a result of reduced GIP-receptor expression in these patients, which will require further investigations. Additional studies are needed to clarify the underlying mechanism of elevated GIP levels in human systemic atherosclerosis.
CONCLUSION
By using a translational approach including a clinical study, mouse in vivo, and cell culture in vitro experiments, we here identified GIP as a previously unknown endogenous, couterregulatory, vasoprotective peptide that might open new therapeutic avenues for cardiovascular high risk patients with atherosclerosis. Future studies are warranted to determine whether these beneficial effects of GIP on features of plaque vulnerability and vascular inflammation translate in an improvement of cardiovascular outcomes in patients with type 2 diabetes at high cardiovascular risk.
